Antibodies against the insulin receptor (Anti-R), which are found in the serum of type B patients with the syndrome of insulin resistance and acanthosis nigricans, inhibit the binding of insulin to its receptor and mimic the actions of insulin when studied acutely in vitro. After prolonged exposure of 3T3-L1 cells to Anti-R, the insulinomimetic activity is lost, and the cells show a marked decrease in their maximal response to insulin (antibodyinduced desensitization), thus providing a model for the insulin resistance seen in vivo. This study explores in detail the mechanism and specificity of desensitization in 3T3-L1 cells.
INTRODUCTION
Antibodies directed against the insulin receptor have been found in the plasma of a group of patients with a syndrome characterized by severe insulin-resistant diabetes, acanthosis nigricans, and a marked reduction in the binding of insulin to circulating monocytes (1, 2) . The antibodies reproduce this latter defect in vitro, inhibiting the binding of insulin to its receptor on normal monocytes and cultured cells (2, 3) .
The mechanism by which these antibodies produce insulin resistance has been difficult to explain. Exposure of some cells to hormones, such as insulin (4, 5) , results in a decrease in receptor number. Antibodies against the acetylcholine receptors are known to accelerate receptor degradation (6) . However, this does not appear to be the mechanism by which antibodies against the insulin receptor cause insulin resistance, as the binding defect on the patients' cells can be reversed by a mild acid wash capable of dissociating antibody-antigen complexes (7) .
Further, in contrast to the insulin resistance seen in these patients, the antibodies mimic rather than block the effects of insulin when studied in vitro. Thus, in adipocytes and skeletal muscle they stimulate glucose and amino acid transport, glucose metabolism to CO2, TheJournalof ClinicalInvestigation Volume66 November1980 [1124] [1125] [1126] [1127] [1128] [1129] [1130] [1131] [1132] [1133] [1134] and glucose incorporation into lipid and glycogen (8) (9) (10) (11) . They also inhibit lipolysis and mimic insulin's effects on the enzymatic activity of glycogen synthase, phosphorylase, and lipoprotein lipase (10) (11) (12) (13) .
3T3-L1 cells are an established mouse cell line (14, 15) that possess most ofthe characteristics ofadipocytes and have been used extensively for the study of insulin receptors and insulin responsiveness (16) (17) (18) (19) (20) (21) . Recently, we have used 3T3-L1 cells to develop an in vitro model for the insulin resistance seen in patients with antibodies against the insulin receptor (22) . As with other cells, these antibodies rapidly inhibit the binding of insulin and mimic the action of insulin in 3T3-L1 cells. However, prolonged exposure ofthe cells to antibody results in loss of the antibody's insulinomimetic activity and the development of insulin resistance, without further changes in insulin binding. We have called this process antibody-induced desensitization.
In the present study we explore in more detail the induction of and recovery from antibody-induced desensitization. Data suggest that the insulin resistance in patients with antibodies against the insulin receptor is a complex process that is not merely due to the inhibition of insulin binding, but that also involves postreceptor alterations.
METHODS
Materials. Cycloheximide, chloroquine, colchicine, 2- deoxyglucose, pyruvate, glucosamine, galactose, mannose, 3-0-methylglucose, glucose, cysteine, and Hepes were purchased from Sigma Chemical Co., St. Louis, Mo. Cytochalasin E and 1-methyl-3-isobutylxanthine were purchased from Aldrich Chemical Co., Inc., Milwaukee, Wisc., bovine serum albumin (BSA),' from Armour Pharmaceutical Co., Chicago, Ill.; pork insulin, from Elanco Products Co., Indianapolis, Ind., papain, from Worthington Biochemical Corp., Freehold, N. J., Sephadex G-200 and Protein A-Sepharose, from Pharmacia Fine Chemicals, Piscataway, N. J.; and hyamine, from Packard Instrument Co., Inc., Downers Grove, Ill.
[I4C]Glucose ( (21) . In brief, cells were plated at a density of 1-4 x 103 cells/cm2 and fed every other I Abbreviations used in this paper: Anti-R, antibody against the insulin receptor; Anti-R Fab, monovalent Fab preparation of Anti-R; BSA, bovine serum albumin; KRP, Krebs-Ringer phosphate buffer, pH 7.4, containing bovine serum albumin (20 mg/ml) and 1.3 mM CaCl2.
day with Dulbecco-Vogt Modified Eagle's Medium containing 10% fetal calf serum. Cells were kept in a humidified atmosphere of 5% CO2 and 95% air at 37°C. Differentiation was enhanced by treating confluent cells for 2 d with standard medium supplemented with 0.5 mM 1-methyl-3-isobutylxanthine and 1 Ag/ml insulin followed by 4 d in medium supplemented by insulin alone. Cells were then refed with standard medium and used within 3-8 d. The properties and hormonal responsiveness of cells prepared in this manner have been described (21) . Glucose-free media were prepared by the National Institutes of Health media unit. Fetal calf serum for glucose-free experiments was dialyzed four times against 10 vol of Dulbecco's phosphate-buffered saline.
Preparation of suspended cells. Suspended cells were prepared by incubation of plates in Joklik's spinner medium supplemented with 2 mM EDTA for 30 min at 37°C (22) . The cells were washed once in Joklik's spinner medium with 2 mM EDTA and then washed twice in an incubation medium appropriate for the studies to follow. Cell numbers were determined using a hemocytometer.
Preparation of antireceptor antibodies. Partially purified antibody against the insulin receptor (Anti-R) was prepared by precipitation with 33% ammonium sulfate of the plasma from a patient (B-2) with insulin resistance of the type B syndrome (1, 22) . The precipitate was dissolved in 0.05 M sodium phosphate buffer at pH 7.4 in 0.15 M NaCl and dialyzed against that buffer to an IgG concentration similar to that of the original plasma (22) .
125I-Anti-R was prepared by the method of Jarrett et al. (23) . Anti-R was further purified by chromatography on DEAEcellulose in 0.01 M potassium phosphate buffer, pH 8.0, and iodinated by modification of the chloramine T method (24) to a specific activity of 14-15 mCi/mg, or the equivalent of 1 iodine/IgG molecule. A population of antibodies enriched for Anti-R was prepared by selective cytoadsorption and subsequent elution from IM-9 lymphocytes, a cell rich in insulin receptors (23) . Unlabeled insulin competed for >75% of the '25I-Anti-R prepared in this manner (23) .
Monovalent Anti-R (Anti-R Fab) was prepared by papain cleavage (25) . Anti-R was chromatographed over a G-200 Sephadex column equilibrated in 0.1 M phosphate buffer and then digested for 10 h at 37°C in a solution containing 0.3 mg/ml papain, 1 mM EDTA, and 4 Insulin binding to suspended cells was measured as previously described (21) by incubating cells (1) (2) (3) (4) (5) Insulin binding to cells adherent to the plates was determined using the same conditions as above, except that the incubation was done for 120 min and was terminated by three 3-ml washes with Dulbecco's phosphate-buffered saline at 4°C (21, 22 (26) .
RESULTS
Acute effects of antibody. Both intact Anti-R and Anti-R Fab inhibited the binding of insulin to its receptor ( Fig. 1, upper panel) . Binding of tracer concentrations of 125I-insulin was inhibited by 85% with 36 ,ug/ml Anti-R and by 80% with 40 ,ug/ml Anti-R Fab. Scatchard analysis revealed that the major effect of both monovalent and intact antibody was to reduce apparent receptor affinity. Thus there was a major decrease in insulin binding to antibody-treated cells at low hormone concentration, but at higher concentrations, insulin binding to antibody-treated cells approached control cells, suggesting that the total number of available receptors remained constant. In terms of number of antibody-combining sites, the titer for inhibition of insulin binding by the Anti-R Fab was only slightly less than that for the intact antibody ( Fig. 1 , lower panel).
The effect of Anti-R on glucose oxidation by 3T3-L1 cells is shown in Fig. 2 (left). Like insulin, Anti-R stimulated glucose oxidation. Anti-R was slightly more potent in its insulinomimetic action compared with its inhibition of insulin binding. The maximal stimulation of glucose oxidation by Anti-R was observed at 3.5 ,ug/ml and ranged between 50 and 85% ofthat achieved by insulin. This concentration ofAnti-R Fab decreased insulin binding by 40%, consistent with the amount of "spare receptors" seen with these cells (21) . Anti-R Fab did not stimulate glucose oxidation at concentrations as high as 350 ,ug/ml. The insulinomimetic activity of Anti-R Fab could be reconstituted by addition of guinea pig anti-human Fab to cells that had been allowed to come to equilibrium with Anti-R Fab (Table I) .
Because Anti-R Fab inhibited insulin binding, but had no insulinomimetic activity, its ability to inhibit insulin's action was tested ( Prolonged treatment with antibody. When cells were exposed for prolonged periods to Anti-R, the insulinomimetic activity of the antibody disappeared, and glucose oxidation returned to the normal basal rate. This was accompanied by a shift in the insulin dose-response curve to the right and a decrease in the maximal response to insulin (Fig. 3, left) . This effect of Anti-R persisted after preparation of the cells for the glucose oxidation assay by repetitive washing. In contrast, after similar prolonged treatment (24 h) with Anti-R Fab followed by washing, there was no inhibition of insulin response (Fig. 3, right) . Likewise, no desensitization could be seen when cells were preincubated with Anti-R Fab and assayed for insulinstimulated deoxyglucose uptake; no decrease in the maximal insulin response could be seen (Table II) . Preincubation with Anti-R Fab followed by incubation with guinea pig Anti-Fab resulted in a small but consistent decrease in insulin stimulation (Table II) . Thus, desensitization, like the antibody's insulinomimetic activity, requires bivalence.
Specificity of a ntibody-intduced desensitizationi. (Fig. 4) , an insulinomimetic agent whose action is thought to be mediated by the insulin receptor (27) . The maximal response to concanavalin A is reduced in desensitized cells (Fig. 4,  right) . These cells, however, respond normally to vitamin K5 and spermine, two insulinomimetic agents that act independently of the insulin receptor (22) . Medium requirements for desensitization. The insulinomimetic effect of Anti-R was seen when cells were exposed to Anti-R under a wide variety of conditions or media. These included incubation at 150 or 37°C (not shown) and exposure in Dulbecco-Vogt growth medium or simple buffers such as KRP (Fig. 5) . Antibody-induced desensitization of 3T3-L1 cells, on (Fig.  6B) . Addition of glucose (25 mnM) to KRP allowed desensitization to proceed (Fig. 5, right) . Pyruvate (Fig. 6C) , deoxyglucose (Fig. 6D) Effect of incubation media on antibody-induced desensitization. Cells were rinsed twice in the indicated media and wvere then incubated at 37°C in the presence or absence of Anti-R (35 ,ug/ml) for the indicated times. Plates were then briefly rinsed and 2-deoxyglucose uptake was assayed for each condition in the presence or absence of insulin (1 yg/ml). Media present during exposure to Anti-R wvere (left) complete Dulbecco-Vogt modified Eagle's media wvith 10% fetal calf serum (25 mM glucose); (middle) KrebsRinger phosphate buffer with BSA (20 mg/ml); and (right) Krebs-Ringer phosphate buffer with BSA (20 mg/ml) and glucose (25 mM). of these agents prevented desensitization when added to 3T3-L1 cells before the addition of Anti-R (Fig. 7) . As can be seen in the controls for each inhibitor, these agents also had little influence on the ability of insulin to stimulate deoxyglucose uptake. Likewise, the agents had no effect on the insulinomimetic activity of the antibody at 1 h in 3T3-L1 cells (not shown). Cytochalasin E at this high concentration inhibited both basal and insulin-stimulated deoxyglucose uptake by almost 50%. amino acids into protein. Colchicine and cytochalasin E were used at their maximally tolerated level (higher doses caused detachment of cells during medium changes), which were comparable to those reported for inhibition of microtubules and microfilaments (31, 32) FIGURE 6 The effects of various compounds on supporting antibody-induced desensitization in glucose-free media. Cells were incubated in glucose-free media prepared as described under Methods and supplemented with (A) 25 mM glucose (B) no additive; (C) 25 mM pyruvate; (D) 25 mM 2-deoxyglucose; or (E) 25 mM 3-0-methylglucose. Receptor FIGURE 7 The effect of inhibitors of cellular processes on antibody-induced densensitization. Cells were incubated for 6 h in the presence or absence of Anti-R (35 ,ug/mi) in Dulbecco-Vogt medium with 10%Y fetal calf serum in the presencee of no additives or drugs at the concentrations indicated. Plates were then rinsed twice and 2-deoxyglucose uptake measured as described under Methods in the absence or presence of insulin (1 ,ug/ml).
Antibody-induced Desensitization of the Insulin
When desensitized 3T3-Li cells were placed in fresh medium without Anti-R, the response to insulin was recovered within 6 h (Fig. 8) . Addition of chloroquine, cytochalasin E, or colchicine to the media had no effect on the recovery from desensitization (Fig. 8) . Cells treated with cycloheximide showed partial recovery from desensitization, indicating that synthesis of new receptor cannot completely account for the recovery from desensitization (Fig. 8) .
Using electron microscopic autoradiography, Carpentier et al. (33) and localized to the lysosome. It thus seemed possible that the lysosome was involved in desensitization, and therefore the fate of Anti-R bound to cells was studied in more detail. Lysosomal processing of Anti-R also appears to occur in 3T3-LI cells (Fig. 9 ). Cells were exposed to 1251-labeled Anti-R until equilibrium was reached and then transferred to fresh medium. Dissociation of radioactivity from the cells is characterized by a rapid component that occurs during the first few hours, and a slower component that occurs over 24 (Fig. 9 , upper panel) to 48 h (not shown). Much of the dissociated radioactivity found in the medium with control cells is degraded antibody, as measured by a loss in the precipitability by trichloroacetic acid (Fig. 9, lower panel) . Less radioactivity dissociated from cells treated with chloroquine, an inhibitor of lysosomal degradation (30) , primarily because of a decrease in the slower component (Fig. 9, upper panel) . This decrease was probably the result of inhibition of antibody degradation in the chloroquine-treated cells (Fig. 9 , lower panel). Under these conditions, however, chloroquine treatment had no effect on the ability of Anti-R to induce desensitization or on the ability of cells to recover from desensitization (Figs. 7 
and 8).
Because dissociation of receptor-bound antibody may account for recovery from desensitization, we compared dissociation of i25I-labeled Anti-R and 1251_ labeled Anti-R Fab. As seen in Fig. 10 , Anti-R Fab had a faster dissociation rate than intact Anti-R, indicating that bivalence has a significant effect on the affinity of the antibody for the receptor.
DISCUSSION
The finding that prolonged treatment of 3T3-Ll cells with antibody against the insulin receptor results in a state of insulin resistance (22) provides us with a model for the disease seen in patients with the syndrome ofinsulin resistance and acanthosis nigricans type B (1, 2) . Although the antibodies effectively inhibit insulin binding, it is not this inhibition per se that is responsible for the desensitization seen in cells treated for prolonged periods with Anti-R. The inhibition of binding occurs rapidly with Anti-R and coincides with its insulinomimetic activity; the loss of the insulinomimetic activity takes several hours, while no further decrease in insulin binding is seen (22) . The long-term result is a marked decrease in the maximal response to insulin. All these components make up the process of desensitization.
The fate of the antibody-receptor complex cannot be determined precisely with current methods. Although insulin binding does not seem to change during the process of desensitization, the actual binding in antibody-treated cells is low, and subtle changes in the 1130 C. Grunfeld TIME (hours) FIGURE 10 Comparison of dissociation of '25I-labeled Anti-R and 125I-labeled Anti-R Fab from 3T3-L1 cells. '25I-labeled Anti-R (10,000 cpm/ml) and 125I-labeled Anti-R Fab (12,500 cpm/ml) were incubated with cells for 60 min, and the cells were washed and incubated as in Fig. 9 . Cells bound 7% of 125I-labeled Anti-R and 2% of 125I-labeled Anti-R Fab. Recovery in the media of dissociated '25I-labeled Anti-R (A) and 125I-labeled Anti-R Fab (0) is plotted vs. time.
Scatchard plot would be difficult to detect. There is evidence in vivo that the insulin receptor remains on the membrane surface in the presence of Anti-R. Insulin binding can be restored toward normal on the circulating monocytes isolated from patients with autoantibodies against the insulin receptor by an in vitro acid-wash procedure, which has been shown to remove Anti-R (7). Unfortunately, attempts to remove Anti-R from 3T3-L1 cells by a similar acid wash adversely affect control cells (C. Grunfeld, unpublished observation). Thus we cannot, at this time, determine whether insulin receptors remain on the cell surface during desensitization, although most of the data suggest that this is so. In addition, it should be noted that although exposure of certain cultured cells to insulin has been shown to decrease receptor number (4, 5) , this does not occur when 3T3-L1 cells are exposed to insulin (21, 27) . Thus, antibody-induced desensitization is not the same as "down regulation."
The present data indicate that desensitization is an active biological process. Monovalent Fab preparations of Anti-R are able to block insulin binding and inhibit insulin action when acutely added to 3T3-L1 cells, Antibody-induced Desensitization of the Insulin Receptor but do not reduce the maximal insulin response as seen in cells desensitized with intact Anti-R. In addition, cells treated for prolonged periods with Anti-R Fab do not show persistent inhibition of insulin action, whereas desensitization due to Anti-R does persist under these conditions. Reconstitution of "bivalency" using guinea pig Anti-Fab partially restores the ability of Anti-R Fab to desensitize. Thus desensitization, like the insulinomimetic effects ofAnti-R, requires bivalence.
Specificity of desensitization. The specificity of Anti-R for the insulin receptor has been demonstrated in several ways. First, Anti-R inhibits the binding of insulin and insulin's analogues to the insulin receptor, but does not inhibit the binding of other hormones to their receptors (2, 3, 23, 34) . Second, Anti-R can immunoprecipitate solubilized insulin receptors, but has no effect on other solubilized receptors (35) . Third, Anti-R mimics all of the metabolic effects of insulin that have been tested (8) (9) (10) (11) (12) (13) . Data presented here further extend this specificity to the process of antibody-induced desensitization. Desensitized cells were still responsive to spermine and vitamin K5, two insulinomimetic agents, which are thought to act independently of the insulin receptor (36, 37) . Concanavalin A, on the other hand, has been shown by multiple criteria to interact with the insulin receptor. It modulates the binding of insulin to its receptor (27) , and solubilized insulin receptors adhere to concanavalin A affinity columns (27) . In addition, unlike spermine, vitamin K5, and hydrogen peroxide, concanavalin A mimics those actions of insulin that are independent of stimulation of glucose transport, i.e., activation of glycogen synthase in the absence of glucose (38) and inhibition ofcatecholamine-stimulated lipolysis (27) . It is therefore not surprising that the insulinlike activity of concanavalin A was blocked in desensitized cells. Antibody-induced desensitization involves a step intimately linked to the insulin receptor.
Requirements for desensitization. The nature of the media in which cells were exposed to Anti-R was found to have a major influence on the development of desensitization. Loss of insulinomimetic activity was not seen when glucose was removed from the medium. However, it is not clear exactly what role glucose plays in desensitization. Glucose is not just required as a source of energy, because 2-deoxyglucose and glucosamine, which are not effective energy sources, could also substitute.4 3-0-Methylglucose, which cannot be phosphorylated, did not 4Deoxyglucose, when added to simple Krebs-Ringer buffer, has been shown to deplete ATP and block insulin action (39) ; this can be reversed by adding alternative carbon sources (39) . For the experiments described in this paper, cells were exposed to Anti-R and deoxyglucose in complete DulbeccoVogt medium with 10% dialyzed fetal calf serum, lacking only glucose, which provides such alternative carbon sources. substitute for glucose. Phosphorylation is not the only criteria, however, as galactose, which can be phosphorylated, did not substitute for glucose. This pattern, with the exception of pyruvate, is similar to the spectrum of hexose phosphate cofactors, which activate glycogen synthetase (38) . Sugar phosphates have also been implicated as cofactors in the control of initiation of protein synthesis (40) . It is, of course, possible that these compounds may not play any direct role in antibody-induced desensitization, but may be supportive of other cellular functions which must be intact for desensitization.
In light of the time, temperature, valence, and medium requirements for desensitization, we examined four well-described inhibitors of cellular processes. Although desensitization requires bivalent antibody, which can cause aggregation of receptors on the cell surface, involvement of microtubules or microfilaments is unlikely, as desensitization proceeds in the presence of colchicine or cytochalasin E. Inhibitors of microtubules and microfilaments also have no influence on the biological activity of insulin or the insulinomimetic activity of Anti-R (40) . Inhibitors of protein synthesis, which block insulin-induced down regulation in IM-9 lymphocytes (5), likewise have no effect on antibody-induced desensitization. Internalization and lysosomal processing of Anti-R also occurs in 3T3-L1 cells, but it also appears unrelated to desensitization. Lysosomal processing has been implicated in the action of antibodies against the cholinergic receptor in myasthenia gravis (6) . Reversal of desensitization is likewise little influenced by these inhibitors. Although Anti-R is degraded by lysosomes in these cells, inhibition of degradation by chloroquine does not block recovery. Likewise, synthesis of new receptors cannot completely account for recovery from desensitization.
In summary, we now have a model for the insulin resistance produced by Anti-R, and although it is not possible at this time to define precisely the mechanism by which this occurs, we have been able to demonstrate certain requirements. It is clear that insulin resistance is not simply the result of Anti-R blockade of insulin binding to its receptor. Occupancy of the receptor by Anti-R is required but not sufficient. As with the insulinomimetic activity of Anti-R, desensitization requires bilvalence. The process also requires time, physiological temperature, and specific components in the medium. The active participation of the cell seems implicated. Further investigation will be required to determine whether the antibody must induce aggregation of receptors or uptake of receptors into the cell to induce desensitization. Preliminary data indicate that both antibody and insulin aggregate on the surface of 3T3-L1 cells and are internalized (Schlessinger, J., C. Grunfeld 
